Objective: Glucocorticoid (GC) therapy is associated with adverse effects on bone metabolism, yet the effects of different GC physiological replacement regimens in hypopituitarism are not well characterised. We aimed to assess the effect of three hydrocortisone (HC) replacement dose regimens on bone turnover. Study design: An open cross-over study randomising ten hypopituitary men with severe ACTH deficiency to three commonly used HC dose regimens: dose A (20 mg mane and 10 mg tarde), dose B (10 mg mane and 10 mg tarde) and dose C (10 mg mane and 5 mg tarde). Methods: Following 6 weeks of each regimen, the participants underwent 24-h serum cortisol sampling and measurement of bone turnover markers: bone-specific alkaline phosphatase, procollagen type I N-propeptide (PINP), intact osteocalcin (OC(1-49)), C-terminal cross-linking telopeptide (CTX-I) and tartrate-resistant acid phosphatase 5b (TRACP5b). Bone remodelling balance was estimated as an absolute ratio (PINP:CTX-I) and as an index using standardised scores derived from the matched controls. Results: There were significant increases in the concentrations of the formation markers PINP (PZ0.045) and OC(1-49) (PZ0.006) and in the PINP:CTX-I ratio (PZ0.015), and a more positive bone remodelling balance index (PZ0.03) was observed in patients on the lowest dose C than in those on the highest dose A. Mean 24-h cortisol concentrations correlated negatively with CTX-I (rZK0.66 and PZ0.04) and TRACP5b (rZK0.74 and PZ0.01) in patients on dose B and with OC(1-49) (rZK0.66 and PZ0.04) and CTX-I (rZK0.81 and P!0.01) in patients on dose C. In patients receiving the lower-dose regimen, trough cortisol concentrations correlated with increased bone formation and resorption. Conclusion: Low-dose HC replacement (10 mg mane and 5 mg tarde) is associated with increased bone formation and a positive bone remodelling balance. This may have a long-term beneficial effect on bone health.
Introduction
The optimisation of glucocorticoid (GC) replacement in adrenocorticotrophin (ACTH)-deficient hypopituitary subjects in clinical practice remains challenging and GC excess has long been reported to be associated with risk of 1.55 (95% CI 1.2-2.01) for vertebral fractures has also been observed with the long-term use of doses of prednisolone !2.5 mg/day (6) .
Although GC replacement therapy for primary and secondary adrenal insufficiency aims to use physiological dose regimens, there is conflicting evidence that GC replacement is also associated with deleterious effects on bone. The majority of available studies have been carried out in subjects with primary adrenal failure, with some studies finding a reduced bone mineral density (BMD) in men with increasing hydrocortisone (HC) equivalent doses (7, 8) and a lower femoral neck BMD correlated with weight-adjusted GC dose (9) , while others have found no difference in BMD compared with that of the control population (10, 11) , except in subjects on prednisolone, in whom a significant decrease in BMD was observed (12) .
There is a paucity of data on the effect of GC replacement on bone metabolism in patients with ACTH deficiency. Peacey et al. (13) demonstrated in a cross-sectional and prospective cohort of 32 patients, 20 of whom had secondary adrenal insufficiency, that a reduction in GC dose by 30%, to 20 mg daily, was associated with a 19% increase in the concentrations of intact osteocalcin (OC(1-49)), a marker of bone formation, and a weak but significant negative correlation between absolute BMD and HC dose used in replacement. This finding was replicated in an observational study carried out by Chikada et al. (14) in a group of primary (nZ10) and secondary (nZ5) hypoadrenal patients in whom a negative correlation between HC dose and BMD and also cumulative HC dose and BMD was observed. Wichers et al. (15) prospectively randomised nine patients to three different HC dose regimens in a double-blind study and also demonstrated a significant increase in the concentrations of OC as the dose of HC decreased from 30 to 15 mg; however, there was no control group as well as no comment on the replacement status of the other pituitary hormones, which can have significant effects on bone turnover.
The aim of the present study was to determine in a prospective, cross-over randomised controlled manner the effect of three commonly used HC replacement regimens on bone turnover markers in a group of male hypopituitary patients, fully replaced on all other pituitary hormones, including growth hormone (GH).
Subjects and methods

Patients and controls
Ten adult hypopituitary men with known severe ACTH deficiency, defined by a fasting morning total serum cortisol concentration !100 nmol/l and a stimulated peak cortisol concentration !400 nmol/l in response to insulin-induced hypoglycaemia, were included in this study.
All ten subjects had been diagnosed and treated for sellar tumours between 3 and 18 years prior to the inclusion in the study. Five patients had been treated for non-functioning pituitary adenoma, two for macroprolactinoma, two for craniopharyngioma and the 10th had treated, cured, Cushing's disease with panhypopituitarism and was 8 years post definitive treatment, still requiring HC replacement, with a morning pre-HC cortisol level !100 nmol/l. Nine patients had complete anterior pituitary failure, and one patient was deficient in all the anterior pituitary hormones, except luteinising hormone and follicle-stimulating hormone; all the patients were on appropriate replacement of hormones including GH, without alteration in dose for at least 3 months prior to and during the study. All the ten patients had diabetes insipidus and were on desmopressin. No patient had serum sodium abnormalities to suggest under-or over-replacement with desmopressin. Anterior pituitary hormone replacement therapy regimens were not altered during the study period, except for HC dose as per study protocol. No patient was on calcium or vitamin D supplementation.
Exclusion criteria were age !18 years, advanced medical or surgical illness, conditions associated with altered bone turnover such as Paget's disease of bone, known osteoporosis or fracture within the previous 1 year. We excluded patients on GCs for reasons other than ACTH deficiency and those on agents that interfere with corticosteroid metabolism or bone metabolism such as antiepileptic medications (16) . Female patients were excluded because of the variable effects of oestrogen status on bone turnover marker measurement (17) and also on corticosteroid-binding globulin (CBG) concentrations, thus affecting total cortisol concentrations and cortisol kinetics (18) .
Healthy male controls (nZ10), matched for age, BMI and waist circumference (WCM), were enrolled to undergo the same biochemical investigations and clinical examination as the patient group.
All the patients and controls gave written informed consent to participate in this study, which was approved by the Beaumont Hospital Medical Research (Ethics) Committee and the Irish Medicines Board.
Study design
In this prospective clinical trial, all ten patients were randomised in an open cross-over protocol to take three commonly prescribed doses of HC: dose A (20 mg at 0800 h and 10 mg at 1600 h), dose B (10 mg at 0800 and 1600 h) or dose C (10 mg at 0800 h and 5 mg at 1600 h). In view of the short half-life of HC, the patients followed each dose regimen for a total of 6 weeks to allow adequate time for a 'washout' of the previous dose. At the end of each 6-week treatment schedule, the patients were admitted to our clinical research centre overnight. Following a physical examination, blood samples were drawn through a heparinised i.v. cannula hourly, for 24 h, for the measurement of cortisol concentrations. Basal free thyroxine, thyrotrophin, testosterone, sex hormonebinding globulin, albumin, gonadotrophins, prolactin and insulin-like growth factor 1 (IGF1), parathyroid hormone (PTH), 25-hydroxyvitamin D (25OHD), calcium and albumin concentrations and renal function were measured upon the commencement of each 24-h admission. Details regarding the effects of these dose regimens on serum cortisol profiles and quality of life of this cohort have been published previously, and this protocol has been described in detail in the work of Behan et al. (19) . To control for circadian variation and food intake effect on bone turnover markers (20, 21) , the subjects fasted from midnight during the admission and the morning dose of HC was withheld until the completion of venous sampling for bone turnover markers between 0730 and 0800 h (see below). Samples were centrifuged at 3000 r.p.m. for 15 min and stored in 1 ml aliquots at K80 8C until analysis. Ten healthy matched controls underwent the same biochemical profiling as the patient group.
Laboratory methods
Bone formation markers " The concentrations of OC (1-49) were measured using an electrochemiluminescence immunoassay on the Elecsys 2010 analyser (Roche Diagnostics) with intra-assay coefficients of variation (CV) of 4.0, 3.3 and 1.4% and inter-assay CV values of 6.5, 3.8 and 1.8% at concentration values of 15.5, 13.7 and 68.3 mg/l respectively and a lower limit of detection of 0.500 mg/l. Normal reference ranges are age and sex dependent. The concentrations of procollagen type I N-propeptide (PINP) were measured on the same analyser (Roche Diagnostics) with intra-assay CV values of 1.8, 2.1 and 2.9% and inter-assay CV values of 2.3, 2.4 and 3.7% at concentration values of 274, 271 and 799 mg/l respectively and a lower limit of detection of 5 mg/l. The concentrations of bone-specific alkaline phosphatase (bone ALP), a marker of both bone mineralisation and maturation, were measured by an immunoenzymatic assay (Immunodiagnostic Systems Ltd, Bolton, UK) on an automated ELISA platform with inter-assay and intra-assay CV values of 5.8% (at 8.4 mg/l) and 6.5% (at 7 mg/l) respectively.
Bone resorption markers "
The concentrations of C-terminal cross-linking telopeptide (CTX-I) were measured using an electrochemiluminescence immunoassay on the Elecsys 2010 analyser (Roche Diagnostics) with intra-assay CV values of 4.6, 1.8 and 1.0% and inter-assay CV values of 4.7, 4.3 and 1.6% at concentration values of 0.08, 0.39 and 3.59 mg/l respectively. The lower detection limit was 0.01 mg/l. The concentrations of tartrateresistant acid phosphatase 5b (TRACP5b) were measured by ELISA (Immunodiagnostic Systems Ltd) with interassay and intra-assay CV values of 4.25% (at 3.20 IU/l) and 4.7% (at 5 IU/l) respectively.
Bone remodelling indices "
As the normal reference range of bone turnover markers is dependent on age and sex, we calculated each result in S.D. units, the Z-score, using data obtained from the healthy age-, sex-, BMI-and WCM-matched control group. The Z-score was calculated as follows: ZZ(xKm)/o 0 , where x is the individual bone marker value, m is the mean bone marker value of controls of the same gender and age, and o 0 is the S.D. of bone marker value of controls of the same gender and age. Using the Z-scores, we were then able to calculate the bone remodelling balance index as follows: (formation (PINP) Z-score -resorption (CTX-I) Z-score) (22, 23) . We also calculated the PINP:CTX-I ratio as an approximation of bone remodelling balance (24, 25) .
Other biochemical indices " The serum concentrations of 25OHD were measured by a competitive RIA (Immunodiagnostic Systems Ltd) as described previously (26) . The serum concentrations of PTH were measured using an electrochemiluminescence immunoassay on the Elecsys 2010 analyser (Roche Diagnostics) with intra-assay CV values of 2.7, 1.6 and 1.5% and inter-assay CV values of 6.5, 3.9 and 3.0% at concentration values of 26.7, 52.5 and 261 ng/l respectively. The normal reference range is 15-65 ng/l (1.6-6.9 pmol/l) based on the manufacturer's guidelines. Renal function and albumin and calcium concentrations were measured using the Beckman Coulter AU5400 by standard laboratory protocols. Serum cortisol, serum IGF1, thyroid function, testosterone, prolactin and CBG measurements have been described elsewhere (19) . Anterior and posterior pituitary function was assessed using a standard methodology as described previously (19) . Peak morning and afternoon cortisol levels were based on a single maximum cortisol level post HC administration for each patient. 'Day-time' trough levels were based on a minimum single level prior to the next dose at 1600 h afternoon, while 'night-time' trough levels were based on the single minimum cortisol level after the afternoon dose, but before 0200 h in order to account for the lack of physiological morning cortisol rise.
Statistical analysis
Results are reported as means (S.D.) or medians (interquartile ranges, IQRs) as appropriate. Bone turnover markers and other biochemical indices were analysed for normality using the D'Agostino-Pearson normality test. Between-group differences were assessed using ANOVA or repeated-measures ANOVA or the non-parametric equivalent, followed by the application of a multiple comparison test. Correlations were analysed using the Spearman or Pearson correlation coefficient, as appropriate based on normality tests. Significance was defined for P values !0.05.
Results
The baseline characteristics of the patients and controls are given in Table 1 . The patients were age, sex, BMI and WCM matched with controls. There were no differences in the levels of thyroid hormone, testosterone, IGF1, 25OHD or PTH measured between patients on stable pituitary replacement therapy and healthy controls ( Table 1) . Although the control group had better renal function than the patients, based on the estimated glomerular filtration rate (eGFR) and serum creatinine concentrations (Table 1) , only one patient had an eGFR !60 ml/min per 1.73 m 2 and there was no difference in renal function between patients on the three dose regimens (PZ0.8; Table 2 ). Serum electrolyte levels were recorded at each visit, and there were no abnormalities suggestive of overor under-replacement with ddAVP and nor was there any difference in 24-h urine volume between patients under the three dose regimens or between the patients and controls (PZ0.18 and PZ0.7 respectively). There was no correlation between 25OHD and PTH concentrations when the whole group was analysed (rZK0.04 and PZ0.8) or when only patients (rZ0.02 and PZ0.9) or only controls (rZ0.08 and PZ0.8) were analysed. There was also no correlation between renal function or 25OHD (rZ0.2 and PZ0.2) or PTH (rZK0.15 and PZ0.4) concentrations when the whole group was analysed or when the patients and controls were analysed separately. No patient or control had PTH concentrations above the normal reference range of 65 ng/l.
Bone turnover markers
The concentrations of bone formation markers, PINP and OC(1-49), were significantly higher in patients on doses B and C than in those on dose A. The concentrations of PINP were 86% higher and those of OC were 56% higher in patients on dose C than in those on dose A (Table 2 ). There was no difference in the concentrations of bone ALP or in those of the two markers of bone resorption, CTX-I and TRACP5b (Table 2) . There was no correlation between the mean 24-h cortisol concentrations and any bone turnover marker in patients on dose A or in controls. However, mean 24-h cortisol concentrations in patients on dose B demonstrated a moderate, non-significant negative correlation with OC(1-49), PINP and bone ALP and a strong, significant negative correlation with CTX-I and TRACP5b (Fig. 1) . In patients on the lowest-dose regimen, dose C, there was a moderate-to-strong, negative correlation between mean 24-h cortisol concentrations and each bone turnover marker; however, only correlations for OC(1-49) and CTX-I were statistically significant ( Fig. 1) . When data on the mean 24-h cortisol concentrations of patients regardless of the dose regimen followed were pooled, we found a moderate, significant negative correlation for OC(1-49) and PINP and a nearly significant, negative correlation for CTX-I ( Supplementary Figure 1 , see section on supplementary data given at the end of this article). There was no correlation between peak serum cortisol concentrations after the administration of either the morning or afternoon dose of HC and any bone turnover marker in patients under the three dose regimens ( Supplementary Figure 2) . In patients on dose C, daytime trough levels demonstrated strong, significant negative correlations with all the bone turnover markers, as shown in Fig. 2 , while there were moderate, negative correlations between the night-time trough levels and bone turnover markers, which were non-significant, except for OC(1-49) (rZK0.64 and PZ0.05) (Supplementary Figure 2 ).
Bone remodelling balance and bone marker indices
There was a significant increase in the formation Z-score to a median (IQR) of C1.81 (0.03-4.19) when the patients were on dose C (Table 2) , whereas there was no significant difference in the resorption Z-scores between patients on the three dose regimens. The bone remodelling balance index in patients on dose C exhibited a significantly positive remodelling balance compared with that in patients under the other dose regimens (PZ0.03) (Fig. 3a) . The PINP:CTX-I ratio was significantly higher in patients on dose C (208.7G56.5) than in those under the other dose regimens (A: 137.5G43.5; B: 181.7G79.3) (PZ0.015) (Fig. 3b) , consistent with increased bone formation under this dose. The ratio was also higher in patients on dose C than in controls (136.3G49.2) (PZ0.02).
There was no correlation between renal function or serum PTH concentrations and any of the bone turnover markers when analysed for the whole group, only patients or only controls (data not shown). However, there was a negative correlation between 25OHD and PINP (rZK0.39 and PZ0.01), OC(1-49) (rZK0.39 and PZ0.01), CTX-I (rZK0.32 and PZ0.04) and bone ALP (rZK0.43 and PZ0.006) concentrations, but not for TRACP5b concentrations (rZK0.24 and PZ0.12), in the whole group. This correlation was lost when the patients and controls were analysed separately.
Discussion
In this prospective, randomised controlled cross-over study on the effects of three commonly used HC replacement regimens in panhypopituitary subjects on full pituitary replacement, we demonstrated that using a lower dose of HC leads to increased concentrations of bone formation markers, without a significant change in those of resorption markers. We also demonstrated a relationship between 24-h serum cortisol profile and bone formation markers, particularly between trough serum cortisol concentrations and both bone formation and resorption markers. Our results indicate that lower cortisol exposure in hypopituitary patients, receiving what would be regarded as 'physiological' HC replacement, leads to a positive bone remodelling balance with increased bone formation, both of which are associated with a more favourable bone effect, and that cortisol dynamics may be as important to bone turnover as the overall dose exposure. These results are significant, particularly since it is clear that in clinical practice hypopituitary subjects are still exposed to a wide range of GC replacement regimens; recent publications have reported the use of HC equivalent doses O30 mg daily in 67% (27) and 91% of the subjects (10) and O20 mg daily in 80% of the subjects in another study (28) . The measurement of bone turnover markers is associated with a number of pre-analytical factors that may affect it; therefore, to maintain the reliability of our results, we controlled for a number of these variables (29) by collecting the samples on each of the three occasions in a standardised setting under fasting conditions in the morning. Endocrine status affects bone turnover (29) , and since our patients were on the full and stable modern pituitary replacement therapy, including for GH, which was not altered during the study, we are confident that the observed alterations in bone turnover observed in our cohort are due to the effect of the alteration in HC dose during the study.
We demonstrated a 19-56% increase in the concentrations of OC(1-49), similar to the findings reported by Peacey et al. (13) . Wichers also demonstrated an increase in the concentrations of OC(1-49) with a reduction in GC dose, significant for dose reduction from 30 to 20 mg (P!0.05) and from 30 to 15 mg (P!0.01) after only 2 weeks on each treatment schedule (15) without alterations in the concentrations of any other bone turnover marker. In that double-blind, cross-over study in nine hypopituitary subjects, there was no control group and patients were GH deficient but not receiving GH replacement and there was no comment on the replacement of other pituitary hormones (15) . Suliman et al. (30) examined the effect of three GC replacement schedules on bone turnover markers in nine subjects (one ACTH deficient): HC 10 mg in the morning and 5 mg in the evening; HC 10 mg in the morning, 5 mg at 1600 h and 5 mg in the evening; and dexamethasone at 0.1 mg/15 kg body weight daily, by comparing the findings with those for the unmatched, younger, healthy controls. They demonstrated lower ionised calcium and higher 25OHD concentrations in subjects across all the replacement schedules compared with controls with no difference in PTH concentrations between subjects on different doses or between subjects and controls. Except for the reduced concentration of a resorption marker, urinary free deoxypyridinoline, in those receiving dexamethasone compared with those receiving HC, there were no other differences in the markers of bone formation or resorption between schedules (30) .
In the present study, the changes in bone formation correlated negatively with trough cortisol concentrations, rather than with peak levels, indicating that GC clearance may have a significant influence on bone health. Cortisol dynamics are likely to be as important as the overall prescribed dose, since studies on bone turnover and mineral density have demonstrated more pronounced adverse effects in patients on synthetic long-acting GCs (prednisolone and dexamethasone) than in those on HC or cortisone acetate (9, 12, 30) . Trials assessing metabolic outcomes using extended or modified release HC will be of interest (31) .
Changes in the 'uncoupling index' or 'bone remodelling balance' have been shown to correlate with later changes in BMD (22, 23) , and a positive bone remodelling balance with associated increased bone turnover has been shown to be associated with increased bone formation and mineralisation. However, very high bone turnover is associated with an increased fraction of newly mineralised bone, which may be associated with suboptimal resistance (32) . Observational studies (33, 34) have shown that there is an increase in bone resorption, without a concurrent increase in bone formation in men after the age of 60 years, and this imbalance is thought to be responsible for age-related bone loss in healthy men. We have demonstrated a more positive bone remodelling balance and an increased PINP:CTX-I ratio reflecting increased bone formation for low-dose HC regimen. The control subjects in the present study are likely to have quiescent bone milieu, and since hypopituitary patients are at a higher risk of bone loss than healthy men, increased bone formation suggests a favourable bone remodelling balance leading to net bone gain.
Whether the differences that we demonstrated in bone formation following dose reduction are likely to be maintained in the long term is unclear. Hermus et al. (35) determined, in nine premenopausal women with Cushing's disease, that surgical remission resulted in a 400% increase in the concentrations of OC(1-49). Increased bone formation was persistent at 2 years with an ongoing 100% increase in the concentrations of OC(1-49) from pre-operative levels. van Staa et al. (6) found that the relative rate of vertebral fracture decreased from 2.4 in the first year after discontinuation of GC therapy to 1.8 and subsequently returned to healthy control values thereafter. These findings indicate that the beneficial effects of GC dose reduction may be long standing.
There are a few limitations to the present study. It may not be possible to extrapolate the findings of the study to all severely ACTH-deficient subjects, because only male Caucasian subjects were studied. Our patient group had slightly reduced renal function than controls, and renal impairment is known to affect bone turnover and bone marker measurements, although this is usually only significant for GFR !50 ml/min per 1.73 m 2 , in particular, for OC and CTX-I (29) . The relatively reduced renal function in our cohort is unlikely to have significantly affected the results of the study as only one patient had a GFR !60 ml/min per 1.73 m 2 and there was no difference in renal function between patients under the three dose regimens, allowing accurate between-group comparison of HC effect on bone turnover markers, which is the primary aim of this study. Although two patients had controlled hypertension and were on angiotensin-converting enzyme inhibitor therapy, no patient in the whole group had evidence of overt secondary hyperparathyroidism and there was no correlation between renal function, PTH or 25OHD. We did demonstrate a weak negative correlation between 25OHD and bone turnover markers, except for TRACP5b, for the whole group. This finding may possibly reflect the effect of hypovitaminosis D on bone turnover markers, but it is unlikely to account for between-dose differences, as the correlation was lost when analysed for patients alone or between-dose regimens.
We had previously shown that in patients with severe ACTH deficiency a reduction in HC dose to 15 mg daily leads to a greater number of physiological free cortisol profiles that mimic profiles of healthy matched controls without adversely affecting the quality of life (19) . In this study, we have demonstrated a beneficial metabolic end organ effect of controlled HC dose reduction through increased bone formation and a positive bone remodelling balance. We recommend that physicians continue aiming to prescribe the lowest safely tolerated HC replacement regimen for subjects with severe ACTH deficiency. Thorough patient education regarding optimal management of HC replacement during intercurrent illness will better avoid hypoadrenal crises by appropriate acute GC management rather than through chronic overreplacement of HC, thus helping to avoid the long-term adverse metabolic effects previously described with non-physiological GC replacement therapy.
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